Abstract. Sepsis often causes diaphragm contractile dysfunction. Endoplasmic reticulum (ER) stress has been implicated in muscle contractile dysfunction. However, it remains unknown if ER stress occurs in the diaphragm during sepsis. In the present study, rats were divided into 4 groups and received placebo or one of three durations of endotoxin treatment (24, 48 h and 7 days). Isometric contractile force of the diaphragm was measured and lung wet-to-dry ratio (W/D) was calculated. Hematoxylin and eosin (H&E) staining of lung tissue was performed and electron microscopy assessed ER damage in the diaphragm during sepsis. The mRNA and protein expression of glucose-regulated protein 78 kDa (GRP78), glucose-regulated protein 94 kDa (GRP94), C/EBP homologous protein (CHOP), endoplasmic reticulum protein 44 (ERP44), protein disulfide-isomerase like protein (ERP57) and protein disulfide isomerase family A member 4 (ERP72) in diaphragm muscles were measured using reverse transcription-quantitative polymerase chain reaction and western blot analysis. The level of cleaved caspase-12 was analyzed by western blot analysis. The results demonstrated that sepsis increased lung W/D. H&E staining revealed that sepsis caused alveolar congestion, hemorrhage and rupture. Swollen and distended ER was observed using electron microscopy during sepsis and decreased diaphragm contractile function was also observed. The expression levels of ER stress markers (GRP78, GRP94, CHOP, ERP44, ERP57 and ERP72) and the level of cleaved caspase-12 were significantly elevated in septic rats compared with control rats, particularly in the 48 h group. In conclusion, the present study indicated that weakened diaphragm contraction and damaged ER in septic rats was associated with increased expression of ER stress markers.
Introduction
Sepsis, a major medical problem often leading to multiple organ failure, is one of the major causes of mortality in critical care medicine (1) . Respiratory failure is a devastating consequence of septic shock, it contributes to reduced systemic oxygen delivery and leads to multiple organ failure and mortality. Contractile dysfunction of the diaphragm muscles has a central role in respiratory failure during sepsis (2) (3) (4) . Previous studies indicate several mechanisms are responsible for sepsis-induced contractile dysfunction of diaphragm muscle, including the implication of oxygen-deprived free radicals, mitochondrial injury, excitation-contraction coupling damage and reduced expression of dihydropyridine receptor α1 subunit (DHPRα1s) and ryanodine receptor 1 (RyR1) (5-7). However, little is known about the status of the endoplasmic reticulum (ER) within the diaphragm, a crucial regulator of muscle contraction, during sepsis.
ER is an extensive intracellular membranous network that is essential for the maintenance of cellular processes, including calcium signaling, protein assembly, calcium homeostasis and lipid biosynthesis (8, 9) . Efficient functioning of the ER is crucial for cell function and survival. Perturbations of ER homeostasis by energy deprivation, infection, increased protein trafficking, expression of mutant proteins with folding defects and chemical triggers interfere with the proper functioning of the ER to create a condition called ER stress (10) . To cope with ER stress conditions, the cell initiates several signaling cascades known as the unfolded protein response (UPR). UPR sensors are in an inactive state when coupled to glucose-regulated protein 78 kDa (GRP78). During ER stress and accumulation of unfolded proteins, GRP78 is released, which allows upregulation of ER chaperones and activation of the ER-associated protein degradation pathway (8) .
ER stress is considered an important contributing factor in a wide variety of pathologies, including diabetes, neurodegenerative disorders, obesity and ischemia-reperfusion heart diseases (11-13). It has been previously reported that ER stress may result in diminished cardiomyocyte contractile Upregulation of endoplasmic reticulum stress is associated with diaphragm contractile dysfunction in a rat model of sepsis (14) . To the best of our knowledge, the status of ER stress in the diaphragm during sepsis has not been previously reported.
The aim of the present study was to assess the effects of sepsis on the ER stress status of the diaphragm in a rat sepsis model. ER damage of the diaphragm during sepsis was evaluated by electron microscopy (EM). The present study also examined the expression of a series of ER stress markers using western blot analysis and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Materials and methods
Animal preparation. The protocol of the present study was approved by the ethics committee of Shengjing Hospital of China Medical University (Shenyang, China) and conducted in accordance with the Animal Care Center Guidelines of the institution. Animals used in the present study were adult male Wistar rats (age, 3 weeks; weight, 250-350 g) obtained from the National Research Center (Giza, Egypt). The animals were housed in polyacrylic cages (five animals per cage) and provided access to food/water ad libitum. Rats were maintained at room temperature (22-25˚C) with a 12-h light/dark cycle. Lipopolysaccharides (LPS), from Escherichia coli 055:B5 (cat no. L2880; lot no. 110M4086V; containing 3,000,000 endotoxin units per mg LPS) were obtained from Sigma-Aldrich (Merck Millipore, Darmstadt, Germany) and were administered intraperitoneally to rats (8 per group) in three experimental groups (24, 48 h and 7 days) at a dose of 8 mg/kg. For the 24 h group, rats were euthanized 24 h after the first dose. For the 48 h and 7 day groups, an additional dose of 8 mg/kg was given 24 h after the first dose and rats were euthanized 48 h or 7 days after the original dose. An additional 8 rats were enrolled in the control group and were injected intraperitoneally with 1 ml of normal saline as a placebo. All rats received normal saline subcutaneously to prevent dehydration. Animals were euthanized with an overdose of pentobarbital sodium (100 mg/kg), delivered intravenously. Diaphragm muscles were immediately excised from the midcostal region, with the insertion of fibers at the ribs and central tendon kept intact. The excised diaphragm muscles were prepared for investigation as previously described (15, 16) .
Measurement of lung wet-to-dry ratio (W/D) and lung histopathology.
For W/D, left lungs were weighed and subsequently dried for 3 days in an oven at 65˚C. The ratio of wet weight to dry weight was calculated to estimate lung edema (17) . For hematoxylin and eosin (H&E) staining, both lungs were cannulated and inflated with 4% paraformaldehyde. After overnight fixation at 4˚C, tissue was embedded in paraffin, sectioned, and stained. H&E staining was performed and the scale of lung injury was determined by a pathologist who was blind to the experimental groups. Six sections (4-µm thick) from left and right lower lobes in each animal were examined to determine the scale of lung injury on the basis of alveolar congestion, hemorrhage, neutrophil infiltration into the airspace or vessel wall and thickness of alveolar wall/hyaline membrane formation. The scale of lung injury was measured on a 0-4 scale as follows: 0, no injury; 1, injury in up to 25% of the field; 2, injury in up to 50% of the field; 3, injury in up to 75% of the field; and 4, diffuse injury (18) (19) (20) .
Measurements of the contractile function of the diaphragm.
The in vitro techniques used to measure isometric contractile force and fatigue index (FI) have been previously described (16, 21) . A strip of diaphragm was stimulated in vitro using monophasic rectangular pulses through a Grass S88 stimulator provided by AstroNova (West Warwick, RI, USA). Current intensity was adjusted until muscle produced maximal isometric tension (P 0 ; 500 msec train and 50 Hz) responses were obtained. The stimulus intensity was set at 125% of this current intensity value. The length at which the muscle produced maximal isometric tension (L 0 ) was determined. Then, L 0 was measured using digital calipers. At L 0 , the peak twitch force (P t ) was determined from a series of contractions induced by single-pulse stimuli. At L 0 , diaphragm force-frequency curves (measured at 10, 20, 40, 50, 75 and 100 Hz) were determined using 1 sec duration trains of stimuli with a minimum of 2-min intervals between each stimulus train. Forces were normalized for the muscle cross-sectional area (CSA), which was determined by the following formula:
). The fatigability of diaphragm muscles was evaluated through use of a test described in a previous report, which involved repetitive stimulation at 40 Hz in trains of 330 msec duration, with one train repeated each sec (22) . The FI was calculated as the ratio of magnitude of force generated after 2 min of stimulation to the magnitude of the initial force.
Assessment of endoplasmic reticulum damage. EM was performed, as previously described (21), on diaphragm muscle segments from the control and sepsis groups. After diaphragm muscle segments were fixed, dehydrated, polymerized and sliced, the muscle fibril orientation was determined using light microscopy. The blocks were then reoriented and ultra-thin sections (50-70 nm) were cut transversely, or parallel, to the muscle fiber axis. These sections were contrasted with uranyl acetate and bismuth subnitrate for transmission EM.
EM images were evaluated independently by two pathologists from Shengjing Hospital of China Medical University. A total of 100 ER per muscle sample (n=8) were evaluated. Each ER was assessed for membrane integrity and normal morphological size. Membrane integrity was scored as 0 (normal) or 1 (damaged). The morphological size of the ER was scored as 0 (normal) or 1 (dilated). The scores of each ER were added to produce a final score. An ER with an intact membrane and normal morphological size was given a final score of 0, while one with a damaged membrane and dilated ER was given a final score of 2. The percentage of ER in each final score group (0, 1 and 2) within each sample was calculated.
Determination of ER stress markers using RT-qPCR.
Rat diaphragms were homogenized with 1 ml of RNAiso reagent (Takara Biotechnology Co., Ltd., Dalian, China), and total RNA was isolated according to the manufacturer's protocol. Recombinant DNase I (RNase-free; 2 µl; Takara Biotechnology Co., Ltd.) was added to each tube for 10 min. The total RNA (1 µg) was converted to cDNA by using PrimeScript RT Master Mix kit (Takara Biotechnology Co., Ltd.) according to the manufacturer's protocol. qPCR was performed using SYBR Premix Ex Taq II (Takara Biotechnology Co., Ltd.) on the 7900HT Fast Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc. Waltham, MA, USA) as follows: 50˚C for 2 min, 95˚C for 10 min, 40 cycles of 95˚C for 15 sec, and 60˚C for 60 sec. A dissociation procedure was performed to generate a melting curve for confirmation of amplification specificity. GAPDH served as the reference gene. The relative levels of gene expression were determined by ΔCq = (Cq gene -Cq reference gene), and the fold change of gene expression was calculated by the 2 -ΔΔCq method (23) . Experiments were repeated in triplicate. The sequences of the primer pairs are as follows: GRP78 forward, 5'-AAC ATG GAC CTG TTC C GC TCT-3' and reverse, 5'-CGA GTA GAT CCG CCA AC C AG-3'; C/EBP homologous protein (CHOP) forward, 5'-CCC TCG CTC TCC AGA TTC C-3' and reverse, 5'-GAC CAC TCT GTT TCC GTT TCC T-3'; glucose-regulated protein 94 kDa (GRP94) forward, 5'-AAA CGG CAA CTC TTC GGT CA-3' and reverse, 5'-CCT CTG GCT CTT CCT CTA CCT G-3'; endoplasmic reticulum protein 44 (ERP44) forward, 5'-AAG TCA CCA ATC TTG ATC GCA GT-3' and reverse, 5'-GCA GAA AGG AAG GCA CAG TCA T-3'; protein disulfide-isomerase like protein (ERP57) forward, 5'-GAA GGT GGC CGT GAA TTA A AT G-3' and reverse, 5'-CAT TTG GCT GTT GCT TTA GA GGT-3'; protein disulfide isomerase family A member 4 (ERP72) forward, 5'-CAA ATT TCA CCA CAC TTT CAG CAC -3' and reverse, 5'-CAT CCT GGG CTC ATA CTT G GA C-3'; and GAPDH forward, 5'-GCT GGT CAT CAA CGG G AA A-3' and reverse, 5'-CGC CAG TAG ACT CCA CGA CAT-3'.
Western blot analysis. Total protein from rat diaphragm tissue was extracted using cell lysis buffer (Pierce; Thermo Fisher Scientific, Inc.) and quantified using the Bradford assay. Protein (50 µg) was loaded per lane and separated on a 12% SDS-PAGE gel. After transferring to a polyvinylidene fluoride membrane (EMD Millipore, Billerica, MA, USA), the membrane was blocked with 5% bovine serum albumin (BSA) buffer (5 g BSA/100 ml Tris-buffered saline with Tween-20) and then incubated overnight at 4˚C with antibodies against GRP78 (rabbit monoclonal; 1:1,000; cat. no. 3177), CHOP (rabbit monoclonal; 1:1,000; cat. no. 5554), GRP94 (rabbit polyclonal; 1:1,000; cat. no. 2104), ERP44 (rabbit polyclonal; 1:1,000; cat. no. 2886), ERP57 (rabbit polyclonal; 1:1,000; cat. no. 2887), ERP72 (rabbit polyclonal; 1:1,000; cat. no. 2798), caspase-12 (rabbit polyclonal; 1:1,000; cat. no. 2202) (all from Cell Signaling Technology, Inc., Danvers, MA, USA) and GAPDH (rabbit polyclonal; 1:2,000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA; cat. no. sc-25778). Following incubation with peroxidase-conjugated anti-mouse/rabbit IgG (1:1,000; Cell Signaling Technology, Inc.; cat. no. 5127) at 37˚C for 2 h, bound proteins were visualized using Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific, Inc.) and detected using DNR imaging systems (DNR Bio-Imaging Systems, Ltd., Jerusalem, Israel). The relative protein levels were calculated by normalizing to GAPDH protein as a loading reference from three blots using ImageJ software (imagej.nih.gov/).
Statistical analysis. Data are presented as the mean ± standard deviation. One-way analysis of variance, followed by Tukey's post hoc test, was applied to identify any significant differences between the control and sepsis groups using the SPSS software (version 17.0; SPSS Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference. Table I , the lung W/D, which indicates the level of lung edema, was significantly increased in the 3 sepsis groups compared with the control (P<0.05). The ratio reached its highest level at 48 h and decreased at day 7 (P=0.013).
Results

Sepsis causes lung injury and increases lung W/D. As presented in
As demonstrated in Fig. 1 , microscopic analysis of the control group revealed marked alveoli, a thin alveolar septum and absence of congestion or edema. At 24 and 48 h following the first LPS dose, significant pulmonary alveolar congestion, hemorrhage and pulmonary interstitial edema associated with inflammatory infiltration were visible. The level of alveolar congestion and hemorrhage was reduced at day 7 compared with at 24 and 48 h. The boundaries of the alveolar septum became thick and inflammatory infiltration was reduced compared with 24 and 48 h following the initial LPS dose. Lung injury scores are summarized in Table I . The level of lung injury was most severe at 48 h and reduced at day 7 compared with at 24 and 48 h (P<0.05).
Sepsis reduces contractile force and FI of diaphragms. P t /CSA and FI were significantly lower in the sepsis groups compared with the control group (P<0.05), with the exception of P t /CSA in the 7 day group. P t /CSA and FI were lowest at 48 h following the original dose of LPS (P<0.05 vs. control; Table II) . At day 7, P t (P=0.007) and FI (P=0.016) increased significantly compared with the 48 h group. Compared with the control group, P 0 /CSA in the sepsis groups declined across the entire stimulation frequency range (10-100 Hz), which was Table I . Lung injury scores and W/D in control and sepsis groups. Table III) . At day 7, P 0 /CSA was increased compared with at 48 h across the entire stimulation frequency range (P<0.05).
Sepsis causes ultrastructural alteration of the ER.
Ultrastructural changes of the ER were investigated using EM. As demonstrated in Fig. 2 , the diaphragm in sepsis groups The control group exhibited marked alveoli, thin alveolar septum and no congestion or edema. In the 24 h group there was congestion, hemorrhage and infiltration of inflammatory cells, predominantly neutrophils, as indicated by arrows. Lung injury was more severe in the 48 h group compared with the 24 h group. The level of alveolar congestion and hemorrhage was reduced in the 7 day group, the boundaries of the alveolar septum became thick and inflammatory infiltration was reduced (bar, 20 µm). H&E, hematoxylin and eosin. Table II . FI and P t /CSA in control and sepsis groups. exhibited swollen and distended ER with an irregular shape. Other ultrastructural abnormalities included swollen, degenerated mitochondria with a loss of cristae. ER damage was most obvious in the 48 h group and alleviated at 7 days. Additional ER ultrastructural changes were quantified by assessing membrane integrity and morphological size. As demonstrated in Table IV , the percentage of intact ER in each muscle sample (score 0) was decreased, and the percentage of damaged ER in each muscle sample (scores 1 and 2) was increased, in sepsis groups compared with the control (P<0.05).
Groups -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Sepsis regulates protein and mRNA expression of ER stress markers in diaphragm.
The role of ER stress in the pathophysiology of sepsis and its complications has been demonstrated recently (24, 25) . However, whether ER stress is involved in contractile dysfunction of the diaphragm in septic rats has not been investigated. GRP78, CHOP and GRP94 are key markers of ER stress. ERP44, ERP57 and ERP72 are ER chaperones that can be upregulated by the UPR at transcriptional level.
In the present study, western blot analysis and RT-qPCR were performed to detect the expression of these proteins in the diaphragm. As demonstrated in Fig. 3 , in the 24 h group, the expression levels of CHOP and ERP57 were significantly higher than in the control group (P<0.05). In the 48 h group, levels of GRP78, CHOP, GRP94, ERP44, ERP57 and ERP72 were significantly higher than in the control and 24 h groups (P<0.05). Expression of these proteins returned to normal levels at day 7. In addition, a caspase-12 antibody, which indicated cleaved caspase-12 at 35 kDa, was used to indicate the level of ER stress. The level of cleaved caspase-12 increased in sepsis groups and reached its highest level in the 48 h group, where the increase was statistically significant compared with the control (P=0.001).
Changes in the mRNA levels of these ER stress markers were also examined by RT-qPCR. As demonstrated in Fig. 4 , significant increases in GRP78, CHOP, GRP94, ERP44, ERP57 and ERP72 mRNA were observed at 24 and 48 h compared with the control (P<0.05). Upregulated mRNA expression of ER stress markers declined at day 7, to a level that was similar to the control group.
Discussion
The present study demonstrated that weakened diaphragm muscle contractile force is associated with lung injury, ER damage and increased protein and mRNA expression of ER Table IV . ER injury scores in control and sepsis groups. Western blot analysis of protein expression levels of ER stress markers in the diaphragm of the sepsis and control groups. Western blot and grey value analysis results indicated that expression of CHOP and ERP57 in the 24 h group was significantly higher than that in control group. In the 48 h group, levels of GRP78, CHOP, GRP94, ERP44, ERP57 and ERP72 were significantly higher than that in control and 24 h groups. Expression of cleaved caspase-12 in 48 h group was significantly higher than that in control group. Samples from 4 subjects in each group are presented. Values in the bar graph are presented as the mean ± standard deviation. * P<0.05 vs. the control, # P<0.05 vs. the 24 h group. ER, endoplasmic reticulum; GRP78, glucose-regulated protein 78 kDa; CHOP, C/EBP homologous protein; GRP94, glucose-regulated protein 94 kDa; ERP44, endoplasmic reticulum protein 44; ERP57, protein disulfide-isomerase like protein; ERP72, protein disulfide isomerase family A member 4. stress-associated factors, GRP78, CHOP, GRP94, ERP44, ERP57 and ERP72.
Groups ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Sepsis is the most common clinical condition in which acute lung injury and respiratory failure develops. Various studies have examined the effects of sepsis models on diaphragm contractility in spontaneously breathing animals (4, 26) , however, few studies provide a comprehensive characterization of the physiological, structural and ultrastructural effects on the lungs and diaphragm. The present study employed a rat model of sepsis by injecting 8 mg/kg LPS intraperitoneally, a model which has been used in other studies (7, 27, 28) . Responses to LPS were also characterized, including the acute and recovery phases of the response, and the integration of such data may provide additional insights into the pathogenesis of the endotoxin response. In a previous study, which used the same model, 8 mg/kg LPS was administered, and decreased contractile force and FI of diaphragms was observed after 24 h (21). In the current study, this dose was administered to rats and diaphragm function was examined at 24, 48 h and 7 days. It was observed that sepsis reduced P t , FI and contractile forces of the diaphragm, P 0 , to their lowest levels at 48 h following the initial LPS treatment. Suppression of diaphragm function was alleviated by day 7. Lung W/D was examined to evaluate the level of edema. Microscopic examination of lung tissues by H&E staining was employed to evaluate lung tissue injury, which was manifested by alveolar congestion, hemorrhage and inflammatory infiltration. Similar to diaphragm function, the degree of lung edema and injury peaked at 48 h and declined at day 7. These results demonstrated that the level of lung injury was positively associated with diaphragm dysfunction. Regarding the association between lung injury and muscle dysfunction, it was assumed that lung injury led to decreased oxygen intake and the release of inflammatory mediators and free radical species including superoxide, nitric oxide and, the free radical-derived product, hydrogen peroxide (29) (30) (31) . These factors may be involved in LPS-or infection-induced alterations in skeletal muscle function.
Sepsis is known to induce diaphragm muscle weakness, which in turn contributes to the development of respiratory failure. A number of studies have explored the mechanism of sepsis-induced diaphragm dysfunction and it has been reported that caspase-12 activation, RNA-dependent protein kinase activation and dysfunction of the calcium release mechanism are responsible for this effect (32, 33) . In our previous study it was demonstrated that, in a septic rat model, expression of DHPRα1s and RyR1, which are essential for calcium release during excitation-contraction coupling in striated muscles, were reduced in the diaphragm (21) . Accumulating evidence suggests that ER stress serves a role in the pathogenesis of muscle dysfunction (34-36). The involvement of ER stress has not been investigated in sepsis-induced diaphragm contractile weakness. The ultrastructural changes of ER in the diaphragm were investigated by EM. The results demonstrated swollen, distended ER and mitochondrial lesions of diaphragm muscle cells in septic rats, which indicated ER injury. This structural injury may be the result of changes at the molecular level (37, 38) . In muscle cells, the sarcoplasmic reticulum, smooth ER found in myocytes, stores calcium ions and pumps them out into the cytoplasm following stimulation of the muscle fiber. After release from the ER, calcium ions interact with contractile proteins that utilize ATP to shorten the muscle fiber (39) . It was assumed that, during the ER stress process, ER function is jeopardized and calcium ion flow is dysregulated, which leads to muscle dysfunction.
The ER is extremely sensitive to a variety of different stimuli, and signals are transduced from the ER to the cytoplasm and nucleus, eventually resulting in adaptation for survival or induction of apoptosis. In response, UPR genes are induced, increasing the capacity to fold proteins. The UPR is regulated by three ER transmembrane receptors, which mediate signal transduction: Inositol requiring ER-to-nucleus signal kinase 1, activating transcription factor 6 and double-stranded RNA-activated kinase (protein kinase R)-like ER kinase (40) . On accumulation of unfolded proteins, ER resident chaperones, including GRP78 and GRP94, are upregulated, which triggers the UPR (41). Subsequently, GRP78 and GRP94 bind to misfolded proteins to prevent forming aggregates and assists with correct refolding. The present study demonstrated that sepsis stimulated ER stress, as reflected by increased expression of GRP78 and GRP94, and by increased expression of CHOP, which are well-established markers of ER stress. The role of CHOP in ER-stressed cells is associated with its role in promoting protein synthesis and oxidative stress inside the ER. This study also observed that several other ER chaperones, including ERP44, ERP57 and ERP72 were upregulated in the diaphragm of septic rats (42) (43) (44) . ERP57, ERP44 and ERP72 are suggested to be involved in the isomerization of disulfide bonds on certain glycoproteins during ER stress. During ER stress, these ER-associated proteins are activated and help to return proteins to their native conformation and to reconstitute cellular balance. Their expression reflects the level of ER stress. In addition, this study demonstrated that the level of ER stress-associated proteins peaked at 48 h and then declined at 7 days, which corresponded with the changes in diaphragm function, lung injury and ER damage. Several previous studies have indicated that ER stress is involved in muscle dysfunction. ER stress compromises cardiac contractile dysfunction in LPS-induced animal models and drugs that inhibit ER stress rescued ER stress-induced contractile dysfunction (14, 45, 46) . ER stress also causes muscle injury in rats with diabetic gastroparesis (47) . To the best of our knowledge, the present study is the first to investigate protein and mRNA changes of ER stress markers in diaphragm muscles during sepsis and the results implicate ER stress in diaphragm weakness.
Extended ER stress may lead to caspase activation and cell apoptosis, which links sepsis-induced ER stress and diaphragm dysfunction. Caspase-12 activation is believed to have an important role in ER stress-induced muscle apoptosis (48) . In a previous study, caspase-12 mediated ER-specific apoptosis and mice with caspase-12 deficiency became resistant to apoptosis induced by ER stress (49) . Upregulation of cleaved caspase-12 was also observed in myocardial apoptosis induced by ER stress (50, 51) . The current study demonstrated that cleaved caspase-12 expression is increased in the diaphragm of septic rats, suggesting that ER stress-induced apoptosis occurs in diaphragm muscle cells, which may eventually lead to muscle weakness.
In conclusion, the present study demonstrated that the weakened diaphragm contraction observed in septic rats is associated with lung tissue injury, ER damage and elevated mRNA and protein expression of ER stress markers. These results further support the hypothesis that ER stress was enhanced in the diaphragm and that diaphragm weakness was, at least partially, induced by ER stress in septic rats. The present study provides a novel insight into the mechanisms required for the development of sepsis-induced diaphragm dysfunction. Further studies are required to investigate signal transduction in ER stress, which may improve the characterization of the development of respiratory failure.
